mediates cell apoptosis. Apoptosis can be induced by activating the pro-apoptotic transcription factor C/EBP homologous protein (CHOP) and the downstream apoptotic signaling molecules. In addition, sustained ER stress can cause Ca 2+ balance disorders and ultimately induce apoptosis. 18 It has been reported that ER stress is involved in brain damage caused by subarachnoid hemorrhage (SAH) by promoting neuronal apoptosis. 19 Numerous studies have shown that severe oxidative stress is present in SBI after ICH. 20 In addition, sustained oxidative stress and ER stress synergistically promote and further induce inflammation and apoptosis of nerve cells. However, the level of ER stress in the SBI after ICH has rarely been reported.
Autophagy is a cellular self-degradation process, in which homeostasis is maintained by degrading damaged cells or components within cells in the case of inadequate nutrition and oxidative stress. 21 However, cellular homeostasis maintained by autophagy relies on the integrity of autophagy flux. 22, 23 Incomplete autophagy flux can rupture lysosomes and autophagosomes, which results in cellular damage.
Seven days after ICH, autophagic vesicles are highly aggregated in neurons. 24 However, the integrity of autophagy flux after ICH is unclear.
Autophagy is closely related to ER stress. In the early stage of brain damage caused by SAH, ER stress exerts a neuroprotective effect by reducing neuronal apoptosis through activation of the autophagy pathway. 25 Moreover, it has been reported that in the formation of fatty liver, sustained ER stress can damage the integrity of autophagy flux and cause apoptosis. In spinal cord injuries, autophagy flux, together with ER stress, can induce neuronal apoptosis. 26 However, the regulation and mechanisms of the ER stress-autophagy pathway have not been reported in previous studies of SBI after ICH.
In this study, we investigated the relationship between ER stress and autophagy using a rat ICH model generated by autologous blood injection. In addition, we evaluated the role of ER stress and autophagy in SBI after ICH using an autophagy inducer (rapamycin) and inhibitor (3-methyladenine, 3-MA) as well as an ER stress activator (tunicamycin, TM) and inhibitor (tauroursodeoxycholic acid, TUDCA).
| MATERIALS AND METHODS

| Establishment of the experimental ICH model in rats
Adult male Sprague-Dawley (SD) rats weighting 250-300 g were pro-
vided by the Experimental Animal Research Center at the Medical
College of Soochow University. All experimental procedures were approved by the ethics committee of Suzhou University and implemented with reference to National Institute of Health Guide for the Care and Use Laboratory Animals. The experimental ICH model was established by injection of autologous blood using the modified methods described by Deinsberger et al. 27 After anesthesia with intraperitoneal injection of 10% chloral hydrate at a dosage of 36 mg/100 g body weight, rats were fixed in the stereotaxic frame (ZH-Lanxing B type, Anhui Zhenghua Biological Equipment Co. Ltd. Anhui, China).
The skull was exposed by a 2 cm longitudinal incision on the back of the scalp, and craniotomy was performed. The drilling locations (0.2 mm anterior to the intersection between the coronal suture and sagittal midline and 3.5 mm to the right of the sagittal suture).
Subsequently, 100 μL of autologous blood was collected from the heart using a 100-μL microsyringe (Hamilton Company, Nevada, USA), and a microsyringe was corrected with the drilling location. The needle was slowly inserted into the subdural space 5.5 mm in depth to reach the basal ganglia, where 100 μL of autologous blood was slowly injected at an injection rate of 10 μL/min. Typical visual representation of the brain surface in the rat ICH model was shown in Figure 1A .
While establishing the rat model, we monitored heart rate, blood pressure, and body temperature in real-time and rectal temperature was maintained at 37.5°C. Neurological symptoms were evaluated. After indicated treatment, the rats were killed and the brains was removed quickly and subsequently sectioned coronally into 2-mm-thick slices starting from the frontal pole. The sections with hematoma from each rat were collected and separately used for paraffin section preparation and Western blot assay.
| Experiment grouping
| Part I
Evaluation of the levels of ER stress and autophagy after ICH via
Western blot assay of the protein levels of ER stress markers and autophagy markers at different time points after ICH ( Figure 1B 
| Part II
Evaluation of the integrity of autophagic flux at different time points after ICH ( Figure 1C ). A total of 48 rats were divided into the indicated eight groups (n=6), including sham group, sham+bafilomycin A1(Baf A1) group, ICH (6 hours) group, ICH (6 hours)+Baf A1 group, ICH (72 hours) group, ICH (72 hours)+Baf A1 group, ICH (7 days) group, and ICH (7 days)+Baf A1 group. Rats were received an intracerebral ventricular injection of Baf A1 (120 ng) at 6 hours before they were killed. Brain tissues were collected at indicated time points for
Western blot experiments.
| Part III
Effects ER stress and autophagy on SBI 6 hours after ICH ( Figure 1D ).
A total of 144 rats were randomly divided into eight groups (n=18 per 
| Part IV
Effects of ER stress and autophagy on SBI 7 days after ICH ( Figure 1E ).
In pilot experiments, no rats treated with TM survived more than 48 hours. Therefore, no TM treatment group was included in this part of the study. To minimize the number of animals used in this study, Part I, Part III, and Part IV experiments share the sham group.
| Drug treatment
TM was dissolved in DMSO to 1 mg/mL. TUDCA was dissolved in saline to 200 mg/mL. 28, 29 Rapamycin was dissolved in DMSO to 1 mg/ mL. 30,31 3-MA was dissolved in saline to 20 mg/mL. 32 Rapamycin (1 mg/kg body weight), 33 3-MA (30 mg/kg body weight), 32 TM (2 mg/ kg body weight), 28 and TUDCA (250 mg/kg body weight) 25 were administrated by intraperitoneal injection. Rats in the ICH+vehicle group were injected with an equal volume (0.5 mL) of saline+DMSO.
| Western blot analysis
The perihematoma tissues immersed in liquid nitrogen were fully ground on ice and lysed in RIPA lysis buffer (Beyotime Institute of Biotechnology, Jiangsu, China). After 30 minutes, the lysate was transferred to a centrifuge tube and centrifuged at 16 000 g for 5 minutes
at 4°C. The supernatant was stored at −80°C for later use. A BCA protein concentration assay kit (Beyotime Institute of Biotechnology) was used to determine protein concentration. A total of 50 μg protein were subjected to SDS-PAGE and transferred to a membrane for ECL and imaging. ImageJ software (Rawak Software, Inc., Stuttgart,
Germany) was used to analyze optical density.
| Fluoro-Jade B (FJB) staining
Fluoro-Jade B (FJB) is a sensitive and highly specific fluorescent stain that indicates neuronal degradation. 34 FJB staining of brain tissue sections was performed as previously described. 35 Briefly, after dewaxing the paraffin-embedded brain sections (described above), the samples were placed in the dark at room temperature and incubated with 
| Statistical analysis
All data are expressed as mean±SEM. SPSS 19.0 software (SPSS Inc., Chicago, IL, USA) was used for data analysis. All data were analyzed using Student's t test or one-way ANOVA. Differences between experimental groups were determined by the Tukey's post hoc test.
The P-values were adjusted for multiple comparisons by applying the Bonferroni-Holm procedure.
| RESULTS
| The levels of endoplasmic reticulum (ER) stress and autophagy were increased after ICH
The protein levels of ER stress markers glucose-regulated protein 78 (GRP78) and CHOP were measured in perihematoma tissues at 6 hours, 12 hours, 24 hours, 48 hours, 72 hours, 1 week, and 2 weeks after ICH using Western blots (Figure 2A-C) . The results showed that, compared with the sham group, the protein levels of GRP78
and CHOP were significantly increased respectively at 6 hours and 48 hours after ICH, continued to increase until 7 days, and then significantly decreased by 14 days. The protein level of autophagy marker microtubule-associated protein light-chain 3 (LC3), especially the conversion of LC3-I to LC3-II, in perihematoma tissues was also detected using Western blots ( Figure 2D and E). The results showed that, compared with the sham group, LC3-II/LC3-I ratio was significantly increased at 6 hours after ICH, returned to levels comparable to the sham group at 12 hours to 48 hours, significantly rebounded between 72 hours and 7 days, and then significantly decreased at 14 days, although the level was still significantly higher than that in the sham group.
| The integrity of autophagic flux after ICH
Then, we test the integrity of autophagic flux at 6 hours, 72 hours, and 7 days after ICH using Baf A1 ( Figure 2F and G). Compared with the sham group, LC3-II/LC3-I ratio was significantly increased in sham+Baf A1 group, suggesting 120 ng is an effective dose for preventing autophagosome-lysosome fusion in this model. Both in ICH (6 hours) group and ICH (7 days) group, there was significant increase in LC3-II/LC3-I ratio after Baf A1 treatment, suggesting an intact flux through these system. However, there was no significant change between ICH (72 hours) group and ICH (72 hours) +Baf A1 group, suggesting that there was a limited autophagic flux. As it is well known that impaired autophagic flux would lead to autophagosomes ejection or lysosomal leakage, as well as cell death, 36 we focused on the effects of autophagy on brain injury at 6 hours and 7 days after ICH. In addition, compared with the moderate change between ICH (7 days) group and ICH (7 days)+Baf A1 group, Baf A1 treatment induced about six times increase in LC3-II/LC3-I ratio at 6 hours after ICH, suggesting that there was an excessive autophagy at 6 hours after ICH.
| Endoplasmic reticulum (ER) stress induction increased SBI 6 hours after ICH
Western blot results showed that, at 6 hours after ICH, the protein levels of GRP78 and CHOP were significantly upregulated by TM pretreatment group and downregulated by TUDCA pretreatment ( Figure 3A ), suggesting that TM and TUDCA could effectively activate and inhibit ER stress at 6 hours after ICH. To assess the effects of ER stress on autophagy at 6 hours after ICH, the protein level of LC3 was determined using Western blots to measure the conversion of LC3-I to LC3-II ( Figure 3B ). The results showed that, compared with the vehicle group, LC3-II/LC3-I ratio was significantly increased in the TM pretreatment group, while LC3-II/LC3-I ratio was significantly decreased in the TUDCA pretreatment group, suggesting that ER stress could activate autophagy at 6 hours after ICH. In addition, Western blots also showed that, compared with the sham group, ICH induced a significant increase in the level of cleaved-caspase 12, which was further increased by TM pretreatment and significantly decreased by TUDCA pretreatment, suggesting that ER stress induced caspase 12-mediated apoptosis at 6 hours after ICH ( Figure 3C ). Finally, FJB staining showed that, compared with the vehicle group, neuronal degradation was significantly increased in the TM pretreatment group and decreased in the TUDCA pretreatment group ( Figure 3D ). Taken together, at 6 hours after ICH, ER stress participated in ICH-induced SBI via inducing excessive autophagy and caspase 12-mediated apoptosis.
| Induction of autophagy intensified SBI at 6 hours after ICH
Western blot results showed that, compared with the vehicle group, at 6 hours after ICH, rapamycin pretreatment significantly upregulated LC3-II/LC3-I ratio, while 3-MA pretreatment significantly reduced LC3-II/LC3-I ratio ( Figure 4A ), suggesting that rapamycin and 3-MA effectively activated and suppressed autophagy at 6 hours after ICH. To assess the effects of autophagy on ER stress at 6 hours after ICH, the protein level of GRP78 was determined using Western blots ( Figure 4B ). The results showed that, compared with the vehicle group, both rapamycin and 3-MA could not affect the protein level of GRP78, suggesting that autophagy could not affect ER stress at 6 hours after ICH. In addition, Western blots also showed that, compared with the vehicle group, the level of cleaved-caspase 12 was significantly increased by rapamycin pretreatment group and decreased by 3-MA pretreatment, suggesting that autophagy participated in caspase 12 activation, and then ER stress-induced apoptosis at 6 hours after ICH ( Figure 4C ). Furthermore, FJB staining showed that, compared with the vehicle group, neuronal degradation significantly increased in the rapamycin pretreatment group, whereas neuronal degradation significantly decreased in the 3-MA pretreatment group ( Figure 4D ). Taken together, at 6 hours after ICH, autophagy participated in ICH-induced SBI via promoting caspase 12 activation. 
| Autophagy aggravated ER stress-induced brain damage at 6 hours after ICH
We further investigated the interaction between autophagy and ER stress in SBI at 6 hours after ICH. Western blot results showed that, compared with the TM group, the level of cleaved-caspase 12 was significantly higher in the TM+rapamycin pretreatment group, while the level of cleaved-caspase 12 was significantly lower in the TM+3-MA pretreatment group ( Figure 5A ). In addition, FJB staining showed that, compared with the TM group, neuronal degradation significantly decreased in the TM+3-MA pretreatment group, while neuronal degradation significantly increased in the TM+rapamycin pretreatment group ( Figure 5B ). Taken together, at 6 hours after ICH, rapamycininduced autophagy intensified TM-induced SBI.
| Inhibition of ER stress relieved SBI at 7 days after ICH
Western blot results showed that, at 7 days after ICH, TUDCA pretreatment significantly reduced GRP78 protein levels compared with the vehicle group ( Figure 6A ), which suggests that TUDCA effectively suppresses ER stress at 7 days after ICH. To assess the effects of ER stress on autophagy at 7 days after ICH, the protein level of LC3 was determined using Western blots to measure the conversion of LC3-I to LC3-II ( Figure 6B ). The results showed that there was no significant change between the vehicle group and TUDCA pretreatment group, suggesting that ER stress could not regulate the level of autophagy at 7 days after ICH. In addition, Western blots also showed that, compared with the vehicle group, the level of cleaved-caspase 12 was significantly decreased by TUDCA pretreatment, suggesting that ER stress participated in caspase 12-mediated apoptosis at 7 days after ICH ( Figure 6C ). Finally, FJB staining showed that, compared with the vehicle group, neuronal degradation was significantly decreased in the TUDCA pretreatment group ( Figure 6D ). Taken together, at 7 days after ICH, ER stress participated in caspase 12-mediated apoptosis.
| Induction of autophagy mitigated SBI 7 days after ICH
Western blot results showed that, compared with the vehicle group, at 7 days after ICH, rapamycin pretreatment significantly upregulated LC3-II/LC3-I ratio, while 3-MA pretreatment significantly reduced LC3-II/LC3-I ratio ( Figure 7A ), suggesting that rapamycin and 3-MA effectively activated and suppressed autophagy at 7 days after ICH.
To assess the effects of autophagy on ER stress at 7 days after ICH, the protein level of GRP78 was determined using Western blots ( Figure 7B ). The results showed that, compared with the vehicle group, both rapamycin and 3-MA could not affect the protein level Figure 7C ). Furthermore, FJB staining showed that, compared with the vehicle group, neuronal degradation significantly decreased in the rapamycin pretreatment group, whereas neuronal degradation significantly increased in the 3-MA pretreatment group ( Figure 7D ).
F I G U R E 3 Endoplasmic reticulum (ER) stress exacerbates secondary brain injury (SBI) at 6 h after intracerebral hemorrhage (ICH). (A) GRP78 protein levels and statistics in perihematoma tissues of the rat ICH model determined by Western blots. (B) The conversion of LC3-I to LC3-II and statistics in perihematoma tissues of the rat ICH model determined by Western blots. (C) Cleaved
Taken together, at 7 days after ICH, autophagy inhibited ICH-induced SBI via inhibiting caspase 12 activation.
| Induction of autophagy enhanced the protective effect of ER stress suppression on brain injury at 7 days after ICH
We further investigated the interaction between autophagy and ER stress in SBI 7 days after ICH. Western blot results showed that, compared with the TUDCA group, the level of cleaved-caspase 12 was significantly lower in the TM+rapamycin pretreatment group, while the level of cleaved-caspase 12 was significantly higher in the TM+3-MA pretreatment group ( Figure 8A ). In addition, FJB staining showed that, compared with the TM group, neuronal degradation significantly decreased in the TM+rapamycin pretreatment group, while neuronal degradation significantly increased in the TM+3-MA pretreatment group ( Figure 8B ).
Taken together, at 7 days after ICH, rapamycin-induced autophagy enhanced the neuroprotective effect of ER stress inhibition.
| DISCUSSION
Protein misfolding and oxidative stress caused by acute central nervous system damage can lead to sustained ER dysfunction and neuronal cell death. 18, 19 Autophagy is also involved in the pathogenesis of ICH. 24 To date, the relationship between ER stress-induced neuronal death and the level of autophagy after ICH has not been reported. In this study, we investigated the role of ER stress in SBI after ICH as well as the relationship between ER stress and autophagy during this process. Our results suggest that ICH condition increased the levels of autophagy and ER stress. ER stress participated in ICH-induced SBI via caspase 12-mediated apoptosis, at least partially. Inhibition of ER stress could attenuate brain injury both at 6 hours and at 7 days after ICH. At 6 hours after ICH, the autophagy level was excessive, which could be further enhanced by ER stress induction. The excessive autophagy also participated in caspase 12-mediated apoptosis after ICH. The autophagic flux was damaged at 72 hours and return to be intact at 7 days after ICH. At 7 days after ICH, autophagy could In recent years, numerous studies have shown that ER dysfunction caused by ER stress plays an important role in many neurological diseases, 18 including cerebral ischemia and reperfusion, sleep apnea syndrome, Alzheimer's disease, multiple sclerosis, amyotrophic lateral sclerosis, prion disease, and familial encephalopathy. ER stressmediated cell autophagy and apoptosis are associated with the development and treatment of these diseases. GRP78, also known as immunoglobulin heavy-chain binding protein, is the primary chaperone in ER stress and a key molecule in this reaction. Activation of ER stress occurs when misfolded/unfolded proteins accumulate and the folding capacity of ER chaperones exceeds the capacity of the ER lumen. However, unfolded protein response (UPR) impairment due to severe or persistent stress can lead to cell death. Activation of chaperone protein gene transcription increases chaperone protein GRP78 levels, inhibits protein synthesis, and increases the folding or degradation of misfolded/unfolded proteins to reduce the burden of ER stress, which can protect cells to some extent. 37, 38 However, when the ER stress response is too strong and too long in duration, it exceeds the protective effect of the ER and ultimately leads to cell apoptosis. Recent studies found that ER stress-induced activation of several neuronal cell death pathways plays an important role in the pathophysiology of stroke. GRP78 protein is a specific marker for ER stress. Previous studies have found that GRP78 protein levels increase in rat brain tissue after SAH, while the key protein (CHOP)
in ER stress-induced apoptosis is also upregulated. TM treatment upregulates GRP78 protein levels, while TUDCA treatment downregulates GRP78 protein levels. 25 In neurons cultured in vitro, oxygen deprivation significantly increased GRP78 protein levels, accompanied by decreased HSP70 protein levels and increased protein levels of CHOP, caspase-12, and caspase-3, which indicates that increased neuronal apoptosis may be caused by ER stress-induced activation of the caspase pathway. 39 Our results showed that, following ICH, the protein levels of GRP78 and CHOP were significantly increased respectively at 6 hours and 48 hours, continued to increase until 7 days, and significantly decreased by 14 days (Figure 2A-C) , which suggests that ER stress is activated after ICH. Six hours after ICH, TM and TUDCA significantly upregulated and downregulated GRP78 protein levels, respectively, which indicates that TM and TUDCA effectively activate and inhibit ER stress, respectively. Thus, we hypothesize that ER stress is activated after ICH, which leads to activation of the neuronal apoptosis pathway, an increase in neuronal apoptosis and necrosis and that treatment with inhibitors of ER stress exerts neuroprotective effects following ICH.
A study has shown that, at 7 days after ICH, the ratio of LC3-II/ LC3-I protein levels is significantly increased. 24 In this study, we Figure 2 ). In mice, lack of autophagy modulator Atg7 mitigated hippocampal neuronal death after hypoxic-ischemic brain injury. 40 Rapamycin treatment could inhibit the insulin-like growth factor-1/ mammalian target of rapamycin complex-1 signaling pathway, selectively activate autophagy, downregulate p62 protein levels, and reduce excessive accumulation of autophagy substrate caused by autophagy flux disorder, which results in reduced neuronal apoptosis, promotion of neuronal repair, and improvement in neurological dysfunction. 41, 42 Excessive autophagy contributes to neuron death in cerebral ischemia. 43 All these results suggest an autophagy activation after ICH and a dual role of autophagy in central nervous system disease and that whether autophagy flux is intact and the autophagy level are key factors influencing the autophagy efficacy. In this study, with the use of lysosomal inhibitor Baf A1, the data showed that autophagy flux is intact at 6 hours and 7 days, while it is blocked at 72 hours ( Figure 2F and G). We also found that, at 6 hours after ICH, rapamycin-induced autophagy worsened SBI (Figure 4 ). This may be explained by that excessive autophagy increases SBI at the early stage after ICH, which further proved by the neuroprotection mediated by 3-MA-induced autophagy inhibition (Figure 4) . Also, we found that, at 7 days after ICH, autophagy exerts protection against SBI and inhibits ER stress-dependent apoptosis ( Figure 7 ). This may be explained by that, at 7 days after ICH, autophagy exerts neuroprotection possibly via clearing up the cell rubbish generated due to the early-stage damaged autophagic flux.
This study was designed to study the role of autophagy and ER stress in SBI at 6 hours and 7 days after ICH onsets. To obtain the ideal levels of autophagy and ER stress at 6 hours and 7 days after ICH onsets, we performed drug pretreatment and post-treatment in our preliminary experiments (data not shown). Based on the results of the preliminary experiments, in Part III experiment, the time points for drug administration were 24 hours before ICH and 2 hours before sacrifice, while in Part IV experiment, the time points for drug administration were 6 days after ICH and 2 hours before sacrifice. Because the rats in Part IV was killed at 7 days after ICH, the time points in Part IV, the drugs were administered at 6 days after ICH, are consistent with that in Part III, the drugs were administered at 24 hours before ICH. In other words, both the rats in Part III and Part IV received drug administration at 24 hours and 2 hours before sacrifice. As far as we know, it is the first time to systematically describe the methodology for regulating autophagy and ER stress after ICH.
Previous studies suggest that ER stress and obstacles to autophagy flux are involved in many disease processes. 44 Our study ER stress damage. 45 Studies have shown that autophagy activated by ER stress is beneficial, and removal of autophagy substrate does not require unfolded proteins in the ubiquitin-proteasome system. 46 However, UPR-induced increase in cytosolic calcium and activation of the IRE1 pathway is one of the regulatory mechanisms of ER stress-induced autophagy in mammalian cells. 47 Other studies indicate that ER stress-induced autophagy contributes to the neuroprotection of ischemic preconditioning. 48 Furthermore, precise The current study has some limitations. First, the used pharmacological tools in this study are not absolutely specific for autophagy and ER stress. Fundamentally, 3-MA is a PI3K/Akt inhibitor and Baf A1 is a H+-ATPase inhibitor. They not only disrupt autophagy. Second, neuroinflammation and oxidative stress are critical for neuronal survival in ICH. We only focused on the interaction between ER stress and autophagy in ICH-induced brain cell death. Finally, our study used healthy adult male SD rats, which did not mimic human high-risk populations maximally, such as patients with cardiovascular diseases and the elderly.
CONCLUSIONS
Our results demonstrated that autophagy and ER stress are activated after ICH, and inhibition of ER stress exerts neuroprotective effects in the brain. However, autophagy plays a dual role in brain injury after ICH: At 6 hours after ICH, excessive autophagy may participate in ER stress-induced brain injury; at 7 days after ICH, autophagy could enhance the protection of ER stress inhibitor via clearing up the cell rubbish generated due to the early-stage damaged autophagic flux. As ICH-induced autophagy itself has both beneficial and detrimental roles at part in a time-dependent manner, more specific time point for interventions targeting autophagy in ICH treatment could be considered.
